Outer membrane proteins of members of the family Enterobacteriaceae consist of conserved membranespanning segments and hypervariable, surface-exposed regions. We demonstrate that the hypervariable DNA segments corresponding to the surface-exposed regions of these proteins can be used to develop specific DNA probes for the identification of members of the family Enterobacteriaceae.
The identification of microorganisms is essential in a variety of types of studies, including fundamental research and applied research in the medical, environmental, and agricultural sectors. Existing identification procedures are generally slow and laborious. DNA hybridization techniques (5) could potentially increase the rapidity and decrease the labor intensiveness of microbial identification. In addition, it could increase precision, because it is independent of the phenotypical expression of identification markers.
The first step in developing specific DNA probes is to find a piece of DNA unique to the organism to be identified. An ideal DNA probe for any particular organism has to recognize all strains and serotypes of the organism, but it must not cross-react with other bacteria. In this study we investigated whether the genes encoding outer membrane proteins of members of the family Enterobacteriaceae can be used to develop specific probes.
Under standard growth conditions, Escherichia coli K-12 synthesizes two pore-forming outer membrane proteins, OmpC and OmpF. The synthesis of another porin, PhoE, is induced by growth under phosphate starvation (9) . The genes encoding these three porins have been sequenced, and comparison of the deduced amino acid sequences revealed an overall homology of approximately 60% (7) . A model for the topology of PhoE protein in the outer membrane has been proposed (12, 16) . According to this model, the polypeptide traverses the outer membrane 16 times in an antiparallel ,-sheet structure. Eight areas are exposed at the cell surface. Comparison of the primary structures of OmpC, OmpF, and PhoE showed that the membrane-spanning segments are conserved, whereas the surface-exposed regions are hypervariable. The phoE genes of Klebsiella pneumoniae and Enterobacter cloacae have also been sequenced (15) . Comparison of the primary structures of the different PhoE proteins revealed a high degree of homology (81%). Four hypervariable regions were discerned, all of which corresponded to regions predicted to be cell surface exposed (15) .
OmpA protein is an outer membrane protein which is not related to the porins, and a model for the folding of this protein has been proposed (8) . Comparison of the sequences * Corresponding author.
of OmpA proteins of several members of the family Enterobacteriaceae showed that the cell surface-exposed regions are hypervariable (1) .
Emanating from the idea that probes based on DNA sequences encoding surface-exposed regions of outer membrane proteins could be specific, we designed a 23-mer oligodeoxynucleotide (Fig. 1A) based on the fifth cell surface-exposed part of the PhoE protein of E. coli K-12 and tested its specificity in slot-blot hybridization experiments. The oligodeoxynucleotide was synthesized on a Biosearch 8600 DNA synthesizer, purified by high-pressure liquid chromatography, and labeled by the enzymatically catalyzed transfer of 32p from [_y-32P]ATP (3,000 Ci/mmol; Amersham International) with T4 polynucleotide kinase according to the procedure described by Maniatis et al. (6) .
The sensitivity and specificity of the probe was tested in slot-blot hybridization assays (Fig. 2 ). Strains were grown overnight at 37°C in L broth (14 coli probe. E. coli K-12 CE1194 carries a phoE deletion and CE1195 is its phoE+ derivative (13) . E. coli B and E. coli C were from our laboratory stocks. F, S, and U denote E. coli strains isolated from feces of healthy volunteers, from blood cultures of patients with bacteremia, and from urine of patients with urinary tract infections, respectively (10) . Strain EIEC, an enteroinvasive E. coli, and the Shigella (Sh) strains were obtained from the Institute for Public Health, Bilthoven, The Netherlands. Salmonella typhimurium SJ2353 (11) and the other enterobacterial strains (4) have been described previously.
B C
A B probe to recognize all different strains within a single species, was performed with E. coli strains with a variety of 0 and K serotypes (the serotypes are described in reference 10). Since E. coli and Shigella species belong to the same species according to Bergey's Manual of Systematic Bacteriology (2), different serovars of Shigella boydii, Shigella dysenteriae, Shigellaflexneri, and Shigella sonnei were also tested (Fig. 2) . The probe recognized all E. coli and Shigella strains, except for E. coli K-12 CE1194, which carries a deletion of the phoE gene (13) . A successful DNA probe should not only show a high degree of sensitivity but it should also be very specific, i.e., it should not cross-react with other bacteria. Figure 2B shows that the probe has a high degree of specificity within the family Enterobacteriaceae, since it did not react with strains other than E. coli or Shigella strains. Therefore, we did not expect to find cross-reactions with nonmembers of the family Enterobacteriaceae. This was tested for a few species, i.e., Aeromonas hydrophila, Bacillus cereus, Bacteroides anthratum, Pseudomonas aeruginosa, Sarcina flava, and Staphylococcus aureus. Indeed, no reactions were observed (data not shown). The results of these experiments show that the designed probe is specific for the species E. coli-Shigella.
To test the general applicability of the idea that specific DNA probes can be developed on the basis of the cell surface-exposed regions of outer membrane proteins, two other probes were tested. These probes were based on the DNA encoding the eight cell surface-exposed regions of the PhoE proteins of K. pneumoniae and E. cloacae (Fig. 1B) . Figure 3 shows the specificities of these probes. The tests were performed under the same conditions as those for Fig.  2 except that the hybridizations and the wash steps were performed at 63°C. The Klebsiella probe reacted exclusively with the K. pneumoniae strain. The Enterobacter probe only reacted with E. cloacae and not with other members of the family Enterobacteriaceae, including Enterobacter aerogenes.
In conclusion, it appears that DNA segments corresponding to cell surface-exposed regions of outer membrane proteins can be used to develop genus-and species-specific probes for the identification of members of the family Enterobacteriaceae and possibly also for other gram-negative bacteria. These probes can be used for taxonomic research and for monitoring specific (genetically engineered) microorganisms in the environment. In addition, these probes can be used for the detection and identification of microorganisms in clinical material, food, and feed. 
